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Summary 
Prompted by severe structural maintenance issues, the Royal Netherlands Air Force has tasked 
the National Aerospace Laboratory NLR to develop an airframe loads & usage monitoring 
programme for their CH-47D helicopter fleet. After an initial pilot phase during which the 
technical and operational possibilities were explored, a routine programme named “CHAMP” 
(CHinook Airframe Monitoring Programme) was started in 2007. In addition to a fleet wide 
installation of a Cockpit Voice & Flight Data Recorder for the collection of the relevant 
parameters from the digital avionics data bus, two airframes have been equipped with a state-of-
the-art data acquisition system and nine strain gauges each, which are recorded at a high sample 
rate. All data processing is performed off-board; no on-board data reduction is done. This has 
led to a vast and ever-growing database that can be used to conduct analyses that go beyond 
those traditionally performed within a loads & usage monitoring programme.  
  
This paper gives an overview of CHAMP and the underlying structural integrity concept that 
has been dubbed the “stethoscope method”. This method centres around the development of 
Artificial Neural Networks that use the recorded data bus parameters to predict internal loads at 
the strain gauge locations. After the creation of such a “virtual strain gauge”, the actual strain 
gauge can be relocated to monitor other key structural locations. Successive relocation of strain 
gauges finally results in a usage monitoring system that, in the long run, will be invaluable for 
structural life cycle management. Attention is paid to the acquisition and the off-board storage 
of the large sets of collected data, and an explanation is given of the analysis tools and methods 
that have been developed, and the results that have been achieved so far. 
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Abbreviations 
ANN Artificial Neural Network 
CHAMP CHinook Airframe Monitoring Programme 
CVFDR Cockpit Voice & Flight Data Recorder 
DARU Data Acquisition and Recording Unit 
FDR Flight Data Recorder 
FFT Fast Fourier Transform 
FRR Flight Regime Recognition 
FS Frame Station 
GAG Ground-Air-Ground cycle 
HELIUM HELIcopter Usage Monitoring database.  
HUMS Health and Usage Monitoring System 
IAS Indicated Air Speed 
Kt Stress concentration factor 
LBL Left-hand Butt Line 
MFOQA Military Flight Operations Quality Assurance 
NLR National Aerospace Laboratory 
OLM Operational Loads Monitoring 
RNLAF Royal Netherlands Air Force 
RTB Rotor Track & Balancing 
SALSA Stand ALone Structural data Acquisition system 
SDR Structural Data Recorder 
SGnn Strain Gauge with identification number nn 
TAS True Air Speed 
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1 INTRODUCTION 
In the 1990s, after the end of the Cold War, the territorial defence forces of the Netherlands 
were transformed into a mobile army that can be deployed worldwide to protect the integrity of 
national and allied territory, and to promote the stability and the international rule of law. To 
this end, the transport capacity of the Royal Netherlands Air Force (RNLAF) has been 
significantly increased and now includes various types of fixed-wing aircraft and transport 
helicopters, among which the CH-47D “Chinook”. Initially 13 helicopters of this type were 
acquired. Six of these were new and featured a digital glass cockpit and a preliminary version of 
the machined frames that were to be introduced on the CH-47F model. The remaining seven, 
with classical built-up sheet metal frames, had already served in the Canadian Forces prior to 
being refurbished and upgraded with a glass cockpit by Boeing. Both versions are equipped 
with the T55-L-714A engine, which has 17% more power than the legacy T55-L-712 engine 
and enables operating in the hot and high conditions as encountered in for instance Afghanistan. 
In 2007 the Defence Materiel Organization of the Dutch Ministry of Defense ordered an 
additional batch of six new-build CH-47F (NL) Chinook helicopters from the Boeing Company. 
These Netherlands-unique version helicopters will offer advanced avionics, improved 
situational awareness and survivability features and special operations equipment. The aircraft 
will be delivered between November 2011 and June 2012. Starting in 2015, the existing 
RNLAF Chinook fleet will be upgraded to this latest standard. 
 
Fairly soon after entry into RNLAF service it became clear that the airframe of the CH-47D is 
prone to fatigue cracking, despite the fact that it has originally been designed for an infinite life. 
This may partly be attributed to the use of the more powerful -714 engine, but other operators 
have reported similar findings for fleets with the -712 engine. Most of the airframe cracking in 
the RNLAF fleet is found in secondary structure of the aft fuselage and aft pylon and is usually 
referred to as “nuisance cracking”. There is no obvious correlation with flight hours, and 
cracking occurs in both versions of the CH-47D that are currently operated by the RNLAF (i.e. 
with machined frames and with built-up frames). Although the cracks usually do not affect 
flight safety, they entail a tremendous amount of maintenance work and a reduction of the fleet 
operational availability. Because of this, and considering that it is unclear whether primary 
airframe structure will be affected in the long run, the RNLAF has tasked the National 
Aerospace Laboratory NLR to develop, implement and conduct an airframe loads & usage 
monitoring programme in order to keep track of the current and future operational usage of the 
CH-47D fleet and of the individual helicopters in the fleet, and to correlate this usage to the 
accrual of fatigue damage in the airframe. 
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As a start, to explore the technical and operational possibilities and to demonstrate the benefits 
of a routine loads & usage monitoring programme, a pilot programme was initiated in 2001. 
Within this programme, one helicopter was instrumented with a simple data recorder and four 
strain gauges to collect airframe loads data. Additionally, a usage monitoring concept based on 
Flight Regime Recognition (FRR) was developed. 
 
In 2007, after successful conclusion of the pilot programme, a routine loads & usage monitoring 
programme named “CHAMP” (CHinook Airframe Monitoring Programme) was started in 
which the flight regimes were re-evaluated and the FRR algorithms were refined. In addition, 
two airframes were equipped with a state-of-the-art data acquisition unit and nine strain gauges 
each. A relatively high sample rate was selected to enable detailed vibration analyses and the 
development of so-called “virtual strain gauges”.  
 
The following sections provide an overview of CHAMP and the underlying structural integrity 
concept. Attention is paid to the acquisition and the off-board storage of the large sets of 
collected data, and an explanation is given of the analysis tools and methods that have been 
developed, and the results that have been achieved so far. 
 
 
2 INSTRUMENTATION 
In the pilot programme a simple four-channel data acquisition and recording unit (DARU) was 
installed in one helicopter (tail number D-101, with machined frames) to collect the data from 
four different strain gauges. This system, the Spectrapot-4C from Swiss Aircraft & Systems 
Enterprise, had previously been used in the F-16 loads & usage monitoring programme of the 
RNLAF, and had become redundant after the introduction of a more advanced DARU in the 
F-16 fleet. In addition, use was made of the FA2100-3073-00 Cockpit Voice & Flight Data 
Recorder (CVFDR) from L-3 Communications for the collection of flight data from the 
ARINC-429 avionics data bus. This system had recently been acquired for fleet wide 
installation to enable Military Flight Operations Quality Assurance (MFOQA) and mishap 
investigations. It is capable of recording 50 flight hours of data with 128 words per second. 
Since the recorded data can easily be downloaded on a portable PC with a PCMCIA card, the 
system is very well suited for usage monitoring as well. Both data recorders were installed in 
the avionics rack behind the cockpit.  
 
The CVFDR for usage monitoring and the Spectrapot for load monitoring were completely 
separate systems, i.e. there was no onboard connection in the form of wiring. The data from 
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both systems were linked afterwards during ground station post-processing. This turned out to 
be a tedious task and the results were not always very accurate due to the poor synchronization 
of the two systems. In addition, the memory size of the Spectrapot cartridges was limited to 2 
MB. Using the onboard processing capability (i.e. peak-valley-peak counting with time stamp 
retention) the amount of collected strain data could be sufficiently reduced as to allow an 
acceptable number of flight hours before retrieving the data from the helicopter. This could only 
be achieved by applying a relatively large range filter, however, which effectively removed the 
very damaging 3/rev and other low amplitude cycles. As a consequence the damage rates as 
developed in the pilot programme were incomplete and mainly pertained to manoeuvre loading. 
 
For this reason it was decided at the start of CHAMP to replace the Spectrapot by the modular 
state-of-the-art ACRA KAM-500 data acquisition unit and a SES S3DR-C solid state data 
recorder, which uses an industry standard PCMCIA ATA-Flash solid state memory card. The 
combined system was installed in the avionics compartment of two helicopters (the D-103, with 
machined frames, and the D-664, with built-up frames) – see Figure 1. Initially the signals of 
five strain gauges were recorded. In 2008 an additional A/D converter card was placed in each 
of the data acquisition units to monitor four more strain gauges. In order to avoid the 
synchronization problems that were experienced in the pilot program, a bus monitor card was 
also included to redundantly collect the relevant parameters from the ARINC-429 bus, in 
parallel with the CVFDR. Since the acceleration data are not present on this data bus, an 
additional triaxial accelerometer was installed in each of the two selected airframes; from a 
certification point of view it was undesirable to tap into the signals of the existing 
accelerometers, since they are used by the flight control system. 
 
 
Figure 1 - Installation of the ACRA KAM-500 system with the SES solid 
state recorder in the avionics compartment of the D-103. 
 
Appendix A provides a listing of the parameters that are collected from the ARINC-429 
avionics data bus, including their sample rates. Figure 2 provides an overview of the strain 
  
NLR-TP-2011-033 
  
 10 
gauge locations. Two of these strain gauges, viz. SG01 and SG05, were already used in the pilot 
program and are meant to enable a comparison between the two programmes. SG01 is located 
on the web of the Left-hand Butt Line LBL 20.0 longeron in the cabin fuselage roof, at Frame 
Station FS 331. This gauge is primarily excited by bending of the fuselage around the lateral 
axis and is assumed to provide a general indication of the severity of fuselage loading. Strain 
gauge SG05 was also used in the pilot programme. It is positioned on the outer cap of the crown 
frame on FS 534, at LBL 26.5, which is the same location as the Boeing strain gauge 54060 as 
used during a strain survey on a CH-47D model for the Royal Air Force [1]. This location has a 
crack history on older Chinook models. It is also one of the locations where the stress level of 
the machined frames has increased with regard to that of the built-up frames as used in the older 
D-version. 
 
 
Figure 2 – Location of the nine strain gauges used in CHAMP. 
 
The other strain gauges are placed at highly stressed areas in the aft fuselage, usually at 
locations that were used in the Boeing strain survey for the RAF. The selection of the SG09 
location was based on the presence of a crack in the FS 440 frame in one of the RNLAF 
Chinooks. 
 
Initially the strain data were sampled at 1,024 Hz, but after analysis the sample rate was reduced 
to 512 Hz. To further limit the storage of irrelevant data as much as possible, the ACRA system 
uses a built-in trigger to start and end recording at values above resp. below 15% of the nominal 
rotor speed. This prevents the recording of data during maintenance related power-on periods. 
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No on-board data reduction such as peak-valley-peak filtering or rainflow counting is applied. 
The retention of all strain data (together with all relevant parameters from the avionics data bus) 
allows more detailed analysis, which not only has proved to be useful for the development of 
virtual strain gauges but also for the evaluation of practical maintenance questions related to the 
rotor track & balancing (RTB) process. 
 
Figure 3 provides an example of the recorded strain data, for strain gauge SG01. This graph 
contains two range exceedance curves, one for a reference batch of 96 flights for the D-103, 
with a cumulative flight duration of 159.4 hours, and the other one for a reference batch of 93 
flights for the D-664, with a cumulative flight duration of 157.2 hours. The D-103 data have 
been collected during an out-of-area operation whereas the D-664 data are representative of 
training missions in the Netherlands. The two exceedance curves are very similar. They are 
typical for helicopter airframe loading, which usually consists of a relatively small number of 
large load cycles (ground-air-ground cycles and manoeuvre loading) and a large number of 
smaller cycles due to vibratory loads that are induced by blade stall, rotor wake impingement, 
rotor and drive train imbalances and other causes. 
 
 
Figure 3 – Range exceedance plots of the recorded SG01 strain values. 
 
It is noted that the strain data in Figure 3 have been scaled to meaningful stress levels to account 
for the fact that the strain gauges are not located at the hot spots where fatigue cracks may 
develop. These cracks usually form at fastener holes or at sharp corners, notches, etc., where the 
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presence of the fastener or the high stress gradient precludes the installation of a strain gauge. 
To convert the measured stress level of a particular strain gauge to a meaningful level that is 
representative for a hot spot (i.e. a level that gives a finite fatigue life), a spectrum stress scale 
factor has been determined such that the total fatigue life of the location that is covered by the 
strain gauge is equal to 5,000 unfactored flight hours, based on a simple fatigue damage model 
(i.e. S-N curve) and assuming a representative stress concentration Kt of 3.0. The material that 
has been considered was Aluminium 7050-T7451, which is used in the Chinook. No fatigue 
limit has been assumed. The measured data have been rainflow counted on a flight-by-flight 
basis. 
 
 
3 DATA STORAGE & DATA PROCESSING 
For the storage of the vast amount of loads and usage data from CHAMP and similar 
programmes for other helicopter types, the NLR has developed and operates the dedicated yet 
flexible HELIUM (HELIcopter Usage Monitoring) database. This secure database is capable of 
handling data from any type of data source, including flight administrative data, maintenance 
data, raw and processed data from Health and Usage Monitoring Systems (HUMS) and other 
flight data recorders, etc. HELIUM is an XML database, with XPath and XQuery access to the 
stored data. Using XML documents as input for the data storage provides many advantages, 
such as easy converting to and from XML documents, a well defined syntax using XML 
schemas, excellent support with regard to Java, and a human readable format.  
 
The relevant flight administrative data (e.g. date, mission type, flight duration, take-off and 
landing location, etc.) is obtained from the centralized Integrated Maintenance Database System 
(IMDS) that is used by the RNLAF. This is done on a monthly basis through a remote access 
link. Whenever needed the frequency of this action is adjusted. The measured data are 
physically transported to the NLR by means of PCMCIA cards. After data validation and 
conversion into engineering units, they are uploaded into HELIUM.  
 
For the processing and use of the HELIUM data, a dedicated Graphical User Interface named 
“Sustain” has been developed. It is an IT-facility for the military operator with a fully integrated 
toolbox for the analysis of usage, loads and maintenance data in a web-based application of 
acquisition, processing, storage, visualisation and reporting of data. The Sustain tools can also 
be applied on the contents of other databases – see Figure 4. 
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Figure 4 – Schematic of Sustain. 
 
 
4 FLIGHT REGIME RECOGNITION 
In the design and development phase of a helicopter, the analysis and the demonstration of the 
safe lives of the airframe and the various components of the dynamic system are based on an 
assumed usage. This design usage spectrum usually is a composite worst case spectrum that is 
to cover all possible missions by all anticipated operators in a conservative way. It is composed 
of the expected flight conditions, manoeuvres and other specific events, together with their 
relative durations (as a percentage of the total life) or amount of occurrences per flight hour. 
Together with the component strength characteristics and the loads measured during a flight 
loads survey with specially instrumented aircraft, it allows the original equipment manufacturer 
to assess the fatigue lives of the safety critical components, and to establish appropriate 
maintenance intervals. 
 
In practice the actual usage of a particular operator will be different from the design usage. 
From a fatigue point of view the usage will often be lighter, considering the conservative 
approach that is usually followed in the construction of the design usage spectrum. In this case 
life-limited components could be kept in service for a longer period than prescribed in the 
maintenance manuals and maintenance intervals could be increased. Sometimes, however, the 
design spectrum underestimates the actual usage [2-4], which then becomes a safety issue. In 
any case it is advisable to monitor the actual usage of a helicopter fleet and of the individual 
aircraft in this fleet, in order to be able to anticipate any maintenance and safety issues and/or 
benefit from possible maintenance credits. 
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To accomplish this, an automatic Flight Regime Recognition (FRR) algorithm has been 
developed for the CH-47D of the RNLAF [5]. ‘Regime’ in this respect can be a flight condition, 
a manoeuvre or a specific event such as autorotation, single engine operation or landing.  
 
The flight regime definitions used in CHAMP are similar to the basic mission profile for fatigue 
analysis as composed by Boeing for the CH-47D. Six main regimes are distinguished, viz.: 
Ground, Hover, Ascent, Level, Descent and Autorotation. A further subdivision gives a total of 
127 fine flight regimes. The input to the FRR algorithm is formed by the avionics bus 
parameters as recorded with the CVFDR – see Appendix A. The regime data are extracted with 
ground-based software, similar to what has been done by other authors [6-8]. Advantages of 
such an approach are that (i) there is no need to integrate complex real-time airborne software 
and additional equipment in the current avionics suite, (ii) helicopter modifications and the 
effect on operations are minimized and (iii) there are more possibilities for checking the 
integrity of the data.  
 
To determine the flight regimes from measured CVFDR data, the following deterministic 
routines have been developed: 
 parameter processing routines to smooth and clean the measured data, 
 basic ‘state identification’ routines that handle one parameter, 
 additional ‘state identification’ routines that handle two or more basic states, and 
 regime identification routines that combine states to extract regimes. 
 
The FRR algorithms have been validated on the basis of well-defined and well-documented 
sorties, by comparing the recognized flight regimes as determined from the CVFDR data with 
those deduced from the pilot cards. Because of the deterministic nature of the FRR algorithms, 
only a relatively limited number of validation flights were needed for this purpose; this would 
not have been the case for neural network based algorithms. 
 
Continuous improvements are made to the FRR software following analyses of new sets of data. 
This applies to the state identification routines for which other test flights with specified 
manoeuvres are used, but also to the cleaning algorithms. In this respect it is noted that the 
CVFDR and the KAM-500 data acquisition units have their own characteristics which 
sometimes require tailored data cleaning. 
 
The usage in terms of the flight regime distribution is routinely reported to the weapon system 
manager, together with other usage statistics such as altitude, weight and air speed distributions 
and exceedance plots. An example is provided in the graph below. 
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Figure 5 – Example of usage statistics: out-of-area operations versus training 
missions in the Netherlands (2007). 
 
By combining the measured strain data (scaled to a meaningful stress level) with the identified 
flight regimes, a relative fatigue damage rate per flight regime for each of the strain gauges 
could be established, using a simple fatigue damage model. A novel method has been used for 
allocating the appropriate fatigue damage rates to the various flight regimes, based on a 
modified rainflow counting method to create series of stress cycles in which the sequence of the 
peaks is retained. Each rainflow counted cycle is then allocated to a flight regime on the basis of 
the time stamp of the peak stress. In this way the transient cycles are also allocated to a flight 
regime, rather than collecting them in a “super Ground-Air-Ground (GAG) cycle” as is usually 
done. It is noted that the CHAMP definition of flight regimes does include the GAG condition, 
however; on the basis of the reported number of landings N in a sortie, the N largest rainflow 
counted stress cycles are allocated to this condition. The allocated damage rates are used in 
conjunction with the FRR algorithm to routinely keep track of the cumulative time spent in the 
various flight regimes and, in a relative way, of the fatigue damage that is accrued for each 
helicopter in the CH-47D fleet. 
 
 
5 VIRTUAL STRAIN GAUGES 
The fatigue damage rates that are coupled to the flight regimes are average values for only a 
limited number of altitude, air speed and weight classes. They do not reflect the behaviour of 
individual pilots, which is recognized to be an important cause for the variability in helicopter 
loads, or rotor smoothing. Moreover, the allocation of the damages associated with the transient 
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manoeuvre-to-manoeuvre cycles and the ground-air-ground cycles to the various flight regimes 
depends on the operational flying doctrine or flying conditions at the time that the operational 
loads measurement campaign (OLM) was conducted; any changes in the way that the helicopter 
fleet is operated (e.g. due to an out-of-area deployment) will therefore not be accommodated for 
unless a new OLM is carried out. 
 
Within CHAMP an important next step has therefore been made. Much effort has been spent to 
develop an intelligent loads monitoring (ILM) technique to synthesize helicopter airframe loads 
from the flight parameters (air speed, altitude, bank angle, etc.), engine parameters, discretes 
(such as the weight-on-wheels switch) and pilot inputs that are collected with the CVFDR from 
the avionics data bus. For fixed-winged aircraft this technique has been around for some time, 
but for the complex vibratory helicopter loads the development of these so-called ‘virtual strain 
gauges’ is much more challenging. In a dedicated literature study it was concluded that load 
prediction techniques based on artificial neural network (ANN) methods are in general more 
accurate than prediction methods based on multiple regression methods [9-12]. Although 
computationally more intensive during training than regression methods, neural network 
methods have demonstrated better generalization properties, better representation of non-
linearities in the data and slightly better results. It was therefore decided to use neural network 
methods to correlate the measured strains to the bus parameters. 
 
The digital bus data are recorded at relatively low sampling rates of 1 to 8 Hz, depending on the 
parameter that is considered. This is much lower than the 512 Hz sample rate that is used for the 
strain data. This disparity in sampling rate necessitated an intermediate processing step before 
correlation of the strain data to the digital bus data. A simple interpolation scheme did not 
suffice to map the strain data to the coarser time grid of the bus parameters; since fatigue 
damage in helicopter airframe components can usually be attributed to the vibrational loading 
components this would have led to the loss of essential information. On the other hand, the 
mapping of the bus parameters to the 512 Hz time grid of the strain data would have resulted in 
huge data sets, which is extremely impractical from a computational point of view. Some 
meaningful condensation of the strain data was thus required.  
 
The strategy that has been followed was to take the CH-47D rotor frequency R of 3.75 Hz 
(≈0.267 s period of revolution) as the common sampling rate for the bus parameters and the 
strain data. For this purpose the frequency of most of the bus parameters had to be increased 
slightly by interpolation. For each 0.267 s interval the average or quasi-static part of the strain 
signal was determined, together with the maximum and minimum of the signal within that time 
frame, while the deviation of this average – the dynamic part – was summarized by means of 
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equivalent amplitudes for the frequencies 1R to/incl. 15R; in the frequency domain these 
multiples of the rotor frequency dominate the amplitude spectra of the strain signals, with the 
3R and 6R frequencies being the most important ones1. The computation of the equivalent strain 
amplitudes was done on the basis of equivalence of fatigue damage potential, using a simple 
damage model. 
 
In the following, yavg, ymin and ymax represent one sample of the average, minimum and 
maximum strain during a rotor revolution, whereas yavg, ymin and ymax indicate a time sequence 
of the average, minimum and maximum values. In the same way f denotes one time instance of 
the 15 equivalent strain amplitudes and F represents a time sequence of these equivalent 
amplitudes. For n samples F is an n  15 matrix. 
 
Comparison of the fatigue damage potential as calculated for the original strain signals and for 
the signals reconstructed from yavg and F yielded an average error of less than 1%, with 
occasionally values up to 3%. In other words, from a fatigue damage point of view it is 
sufficient that the correlation model is able to accurately predict yavg and F. 
 
A further simplification could be made by accounting for the fact that the signals measured with 
the strain gauges are dominated by a single component of the loading spectrum. Depending on 
the location, this is either the 3R component (blade passing frequency) or the 6R component. In 
general, assuming that the fatigue damage rate is proportional to the third power of the stress or 
strain amplitude - which is a reasonable approximation in case of crack growth based damage - 
the 15 equivalent strain amplitudes f at a time instance i can be mapped to one equivalent 
amplitude a for frequency kR by the following equation: 
 
3
15
1m
3
mmfk
1a 

          (1) 
 
where k=3 (most gauges), or k=6 (e.g. strain gauge SG09). The damage that can be computed 
from yavg and a is a good approximation of the damage that can be obtained from yavg and F. 
 
While initially the approach was to build models to estimate yavg and a, it was later on decided 
that the models should also predict the largest cycle per time frame, i.e. ymax-ymin, in order to be 
able to accurately reconstruct the transient behaviour of the strain signal when going from one 
flight condition to another. Assuming that the largest cycle is part of the kR content of the 
signal, the equivalent amplitude of Eqn.1 was adapted in the following way: 
                                                     
1 That is, for the CH-47D tandem rotor helicopter, with three blades per rotor. 
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



             (2) 
 
So finally three ANN-based correlation models had to be developed for each of the strain 
gauges to predict yavg, (ymax-ymin) and a from the recorded bus parameters. From these predicted 
parameters a stress or strain history can be constructed and the associated fatigue damage or 
crack growth rate can be calculated with any desired model. 
 
For correlating yavg, (ymax-ymin) and a to the avionics bus data, feed-forward models with one 
hidden layer have been used. Each of the three models had 30 hidden nodes. The activation 
function that was applied in the layer with the hidden nodes was either the ‘tanh’ function – for 
(ymax-ymin) and a – or a linear activation function – for yavg; the latter function does not change 
the value of the input. 
 
The selection of the subset of model input parameters from the complete set of available bus 
parameters of Appendix A has been performed such that the virtual strain gauge models 
generalize well on new data. Two parameters turned out to be unreliable and had to be 
discarded; they were the helicopter gross weight (which is manually input by the pilot) and the 
measured accelerations (affected by drift). The final set of selected model input variables is 
provided in Appendix B. 
 
Two large data sets have been assembled for the training and validation of the models, one for 
the D-664 with built-up frames and one for the D-103 with machined frames. From the 
available data files about 1/6th with the largest damage per flight hour and about 1/6th with the 
smallest damage per flight hour were used to build the models. From the selected files every 
twentieth data point has been used, yielding 20,000-25,000 data points with which the models 
have been trained. 
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Figure 6 – Virtual fatigue damage against actual fatigue damage for two locations in the 
airframe of the D-103. Each circle represents one flight. 
 
The models have been validated against newly obtained data, which were not used in the 
training. The predictive capability has been assessed by comparing the fatigue damage content 
of the predicted strain sequences with the actual strain sequences, on a flight-by-flight basis. 
The accuracy turned out to be very satisfactory, although some variation was observed and 
some issues were identified. Examples of the validation results are provided in Figure 6, which 
shows the fatigue damage as computed on the basis of the predicted loads (virtual strain gauges) 
against the damage on the basis of the actual loads (real strain gauge data) for two locations in 
the airframe of the D-103. For perfect virtual strain gauges the predictions in above graphs 
would all lie on the diagonal lines. It is noted that the accuracy is expected to improve even 
more once larger and better sets of input data become available. 
 
An example of a predicted strain sequence in comparison with a measured strain sequence (both 
scaled to meaningful stress levels by the same factor) is given in Figure 7, for strain gauge 
SG06. The data pertain to a 5.6 hr flight of the D-664 in July 2007. The computed fatigue lives 
for the predicted and measured sequences differ by only 2% to 3%, depending on the adopted 
damage model. 
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Figure 7 – Comparison of a predicted and a measured load sequence. 
 
 
6 FLEET LIFE MANAGEMENT 
The intelligent loads synthesis technique described in the previous section has been 
incorporated in the Sustain tool box. It can easily be extended to other areas in the airframe of 
the Chinook helicopter or other helicopter types with a digital data bus, as long as measured 
loads data are available to train the underlying neural networks. In this respect it is noteworthy 
that much work is going on world-wide in the development of wireless sensors that can be used 
to monitor rotating components – see for instance [13]; this eventually will enable the 
application of the virtual strain gauge technology to the dynamic system of a helicopter as well. 
 
In combination with the HELIUM database, virtual strain gauges are the key to the rational 
management of the life of any structural component of any helicopter in the inventory of the 
RNLAF. Based on this technique, a new fleet life management (FLM) concept has been 
developed called the “Stethoscope Method”, which to a large extent is already operational for 
the CH-47D fleet of the RNLAF. This method is outlined in Figure 8. It involves the fleet wide 
collection of all relevant flight, engine and control parameters that are available from the digital 
data bus, plus the simultaneous collection of loads data in one or more dedicated OLM 
helicopters. For this purpose all helicopters in the fleet need to be equipped with a digital flight 
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data recorder (FDR; for the Chinook this is the CVFDR). The OLM helicopters will need an 
additional structural data recorder (SDR; for the Chinook this is the ACRA KAM-500 unit) or, 
alternatively, an additional FDR loads monitoring functionality. Depending on the need, the 
SDR may consist of a fully configurable multichannel system or a simple to install stand-alone 
recorder such as the Stand ALone Structural data Acquisition system (SALSA) that has recently 
been developed by the NLR. 
 
 
Figure 8 – The Stethoscope Method for Fleet Life Management. 
 
All measured data are or will be made accessible through the HELIUM database system that 
serves all helicopter types that are used by the RNLAF. This opens the door to the use of virtual 
strain gauges for load monitoring purposes, where the strain or stress sequence at a particular 
location in the airframe or dynamic system is derived from the sequence of digital bus 
parameters.  
 
The loads data from the SDR in the OLM helicopters will be used to continually train and 
improve the ANN-based virtual strain gauge models. By moving the strain gauges in the OLM 
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helicopters around on a regular basis2, models will be obtained for more and more points in the 
airframe or dynamic system that are relevant from a fatigue point of view. This will allow the 
establishment of the safe life consumed so far and the assessment of the severity of in-service 
developed fatigue cracks for each critical point. In this respect it is essential to start collecting 
the digital bus data from the very first moment that a helicopter is commissioned into service. 
For the virtual strain gauge models this is less crucial; when developed at a later stage these 
models can use the historic bus data in the HELIUM database to ‘roll back’ to day one. 
 
 
7 TYPICAL PROGRAMME RESULTS 
7.1 Vibration analysis 
Owing to the high sample rate of the strain gauges it was possible to investigate the relevance of 
the various vibration components with respect to the airframe loads. As a first step in the 
analysis, the strain signals were scaled to obtain meaningful stress levels (i.e. levels that yield a 
finite component life). After that the frequency content of the resulting stress sequences was 
determined by means of a Fast Fourier Transform (FFT). The first twelve harmonics of the 3.75 
Hz rotor frequency (in other words the 1R to/incl. 12R components) were extracted from the 
FFT spectrum using a bandwidth of plus and minus 5%. After an inverse FFT this band-pass 
filtered spectrum was processed to assess its damage content. This involved the extraction of the 
stress peaks and valleys and rainflow counting. Per frequency band the resulting stress ranges 
were transformed to a equivalent stress cycle that yields the same fatigue damage. Comparison 
of the equivalent stress cycles (and their frequency!) and the application of a simple damage 
model finally provided the relative contributions of the frequency components to the accrual of 
fatigue damage. Normalising to a total sum of 100 % gave results like those shown in Figure 9 
for strain gauge SG06 in the D-664. For this gauge the dominant frequency turned out to be the 
3R, which is the blade-passing frequency. This observation is valid for most of the gauges in the 
aft fuselages of the D-664 and D-103. An exception is strain gauge SG09, for which the 6R 
frequency is the dominant frequency from a airframe fatigue point of view. 
 
                                                     
2 In the CH-47D the wiring has been installed such that the gauges can easily be moved around once a sufficient set of data has 
been collected (typically a few hundred flight hours of data acquisition). 
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Figure 9 – The relative importance of the various frequency components for strain gauge 
SG06 in the D-664, based on a batch of 88 flights. 
 
In a different approach the stress sequences were manipulated by removing the contribution of 
the 3R-vibration (+/- 10%), the 1R-vibration (caused by rotor imbalance), the 6R-vibration, all 
vibrations (keeping the quasi-static manoeuvre loading only) and all vibrations except the 3R. It 
was assumed in this respect that manoeuvres take place at frequencies below 3 Hz. For the 
manoeuvre-only loading all frequencies exceeding 3 Hz were filtered out. With the same stress 
scale factors used in the previous analysis, the lives under the manipulated spectra were 
calculated and the relative importance of the various frequency components was determined. 
The relative importance was defined as:  
 
Relative Importance = (1 – Original Life / Life)*100 %              (3) 
 
where “Original Life” is the life under the unmodified (but scaled) stress spectrum and “Life” is 
the life under the spectrum from which the frequency component in question has been removed. 
The results for strain gauges SG01, SG06 and SG09 are shown in Figure 10. They confirm the 
findings from the previous analysis. It is clear that manoeuvre loading does not significantly 
contribute to the accrual of fatigue damage at the stress levels that lead to a finite life under the 
unmodified but scaled load spectrum. 
 
These results also anwer the question whether more frequent rotor balancing would be benificial 
in order to reduce the accrual of fatigue damage. Since rotor balancing primarily reduces the 1R 
vibration, it is concluded from Figures 9 and 10 that the reduction in fatigue damage will be 
negligible. In the analysis no distinction has been made between flights just after an RTB 
maintenance action and flights just before that, but apparently the current maintenance 
frequency is sufficient to keep the 1R vibration levels at an acceptable level. 
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Figure 10 – The relative importance of the various frequency components for strain gauge 
SG06 in the D-664, based on a batch of 88 flights and 214 flight hours. 
 
It should be noted that it is a theoretical impossibility to truly separate the contributions of the 
various frequency components to the accrual of fatigue damage. The reasons are that (i) the 
fatigue content of a stress or strain signal in the time domain is best characterized with the 
rainflow counting method, which couples stress peaks and valleys that can be spaced apart quite 
significantly, (ii) the peaks and valleys in a stress or strain signal in the time domain are usually 
constituted by more than one frequency component, and (iii) the effects of load interaction 
cannot be accounted for in a frequency analysis. The relative fatigue damage values in above 
histogram are therefore indicative only. 
 
7.2 Operational speed limit 
In a separate analysis of the accrual of fatigue damage per flight regime it was shown on the 
basis of strain measurements that Straight & Level (S&L) flight is the main contributor to the 
severe fatigue related maintenance issues in the aft fuselage of the CH_47D fleet of the RNLAF. 
Although many other flight conditions are more severe in terms of accrued fatigue damage per 
flying hour (or damage rate), the helicopters in the fleet simply spend most of their time flying 
S&L. Further analysis indicated a strong dependency of the damage rate on the air speed. An 
example is give in Figure 11, which shows the normalized damage rate for strain gauge SG09 
versus the indicated air speed (IAS) for a number of selected S&L flight segments that were 
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flown in the Netherlands (i.e. at relatively low pressure altitudes). Above 80 KIAS the damage 
rate grows exponentially with increasing air speed. 
 
 
Figure 11 – Fatigue damage rate for S&L flight segments, relative to the fatigue damage 
rate at 120 KIAS (strain gauge SG09 in the D-664).  
 
In view of these results an operational limit of 120 KIAS has been proposed, unless prohibited 
by operational circumstances. Backed by the Operations Directorate, the CH-47D flying 
community was briefed in December 2009 to obtain support and understanding. The actual limit 
was imposed in January 2010. Based on peace-time usage in the Netherlands, a reduction of at 
least 22% in fatigue damage related maintenance man hours is expected. This will be evaluated 
in due course. 
 
At present it is not clear whether the fatigue loads are governed by the dynamic pressure (in 
other words, IAS) or by the true air speed (TAS), for instance due to retreating blade stall and/or 
Mach effects. For usage in the Netherlands this does not really matter. For out-of-area 
operations in mountainous areas like Afghanistan, the TAS is typically 110-120% of the IAS, 
however. The effect of this remains to be analysed. 
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8 CONCLUSION AND OUTLOOK 
CHAMP is a well established programme that is used in support of the sustainment of the 
CH-47D fleet of the RNLAF. The use of two dedicated OLM helicopters that are equipped with 
a structural data recorder and strain gauges has proven to be invaluable. The high sample rate of 
the strain data enables detailed analyses that are beyond the scope of traditional loads & usage 
monitoring programmes. The so-called ‘virtual strain gauges’ that have been developed for a 
number of locations in the airframe of the CH-47D are capable of predicting both the quasi-
static loads due to manoeuvres, ground-air-ground cycles, etc., and the vibratory loads that are 
induced by blade stall, rotor wake impingement, rotor and drive train imbalances and other 
causes. Some tuning is still needed. Although already satisfactory, the accuracy is expected to 
improve once larger and better sets of input data (incl. all-up weight and accelerations) become 
available. 
 
The tools, models and methods that have been derived are very powerful as they can easily be 
extended to other areas in the airframe or drive train of the Chinook helicopter or other 
helicopter types. 
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Appendix A  - RECORDED DATA BUS PARAMETERS 
An overview of the flight parameters, engine parameters and discretes that are collected from 
the ARINC-429 avionics data bus is given in the table below. The signals from the triaxial 
accelerometer that has been specifically installed for the CHAMP programme are labelled with 
‘_NLR’. 
 
Sample freq. [Hz] Long name Short name Unit 
CVFDR ACRA 
Aircraft type and sequence code AC ctd 0.015625 n.a. 
Pitch Angle AP deg 2 2 
Roll Angle AR deg 2 2 
Wind Angle AWND deg 0.25 n.a. 
Longitudinal CG Acceleration AXB g 4 n.a. 
Lateral CG Acceleration AYB g 4 n.a. 
Normal CG Acceleration AZB g 8 n.a. 
Longitudinal CG Acceleration AX_NLR g n.a. 4 
Lateral CG Acceleration AY_NLR g n.a. 4 
Normal CG Acceleration AZ_NLR g n.a. 8 
Calibrated Air Speed CAS kts 1 1 
Cruise Guide Indicator CRGD % 1 1 
Date Day DAY ctd 0.015625 n.a. 
Collective Control Position DCOL inch 2 2 
Pitch Stick Position DSP inch 2 2 
Roll Stick Position DSR inch 2 2 
Yaw Pedal Position DYP inch 2 2 
Engine #1 Fuel Flow FFEN1 lbs/hr 1 n.a. 
Engine #2 Fuel Flow FFEN2 lbs/hr 1 n.a. 
LH aft tank fuel qty FQTA1 lbs 0.015625 1 
RH aft tank fuel qty FQTA2 lbs 0.015625 1 
LH fwd tank fuel qty FQTF1 lbs 0.015625 1 
RH fwd tank fuel qty FQTF2 lbs 0.015625 1 
LH main tank fuel qty FQTM1 lbs 0.015625 1 
RH main tank fuel qty FQTM2 lbs 0.015625 1 
FMS Ground Speed GSFMS kts 1 1 
Magnetic Heading HDGM deg 1 1 
Calculated Present Position Lattitude LATC deg 1 1 
Hook Load LHOOK lbs 2 2 
Calculated Present Position Longitude LONC deg 1 1 
Engine #1 Gas Generator Speed N1EN1 % 1 1 
Engine #2 Gas Generator Speed N1EN2 % 1 1 
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Sample freq. [Hz] Long name Short name Unit 
CVFDR ACRA 
Engine #1 Power Turbine Speed N2EN1 % 1 1 
Engine #2 Power Turbine Speed N2EN2 % 1 1 
Calculated Pressure Altitude PAC ft 1 1 
Engine #1 Oil Pressure POEN1 psi 1 n.a. 
Engine #2 Oil Pressure POEN2 psi 1 n.a. 
Engine #1 PTIT PTITEN1 ºC  1 n.a. 
Engine #2 PTIT PTITEN2 ºC 1 n.a. 
Radio Altitude RA ft 1 1 
Altitude Rate RALT ft/min 2 2 
Static Air Temperature SAT ºC 0.5 1 
Engine #1 Torque TQEN1 % 1 1 
Engine #2 Torque TQEN2 % 1 1 
Rotor Speed VRTR % 2 2 
Wind Speed VWND kts 0.25 n.a. 
Gross weight WEIGHT lbs 0.015625 1 
Weight on wheels, left rear WOW1 ctd 1 1 
Weight on wheels, right rear WOW2 ctd 1 1 
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Appendix B – ANN MODEL INPUT PARAMETERS 
The parameters that are listed in the table below and their cross-terms (for instance 
TQEN1*CRGD) are the inputs for the ANN models that constitute the virtual strain gauges. 
They are a subset of the parameters described in Appendix A. 
 
Variable/equation Comment 
1-(WOW1 or WOW2) Weight-On-Wheels switch 
AP Pitch angle 
AR Roll angle 
TQEN1 Engine #1 torque  
Dynamic Pressure computed from PAC and CAS 
DSP Pitch stick position 
DYP Yaw pedal position 
DCOL Collective control position 
CRGD 
CRGD2 
log(CRGD) 
1/ CRGD2 
1/ CRGD3 
Value of Cruise Guide Indicator on cockpit display; 
0-100% indicates acceptable operation; 
flight operations for CGI >100% should be minimized to 
avoid excessive build-up of fatigue damage in drive train  
 
It is noted that the CRGD parameter is specific to the Chinook helicopter. It is derived from the 
signals of strain gauge bridges that are installed on the aft pivoting actuator and fixed link of the 
aft rotating swash plate [14]. A narrow-band filter is applied around the 3R frequency 
component. This means that for other helicopter types and for locations that are governed by 
frequency components other than the 3R a different set of input parameters will be needed, 
possibly including the triaxial accelerations and the helicopter weight characteristics. This needs 
to be established case by case. 
 
For the Chinook helicopter it seems unnecessary to include measured RTB data in the input set. 
The 1R vibration is judged to be irrelevant for the loading of the airframe, provided that the 
RTB limits are properly maintained, whereas the 3R vibrations are implicitly accounted for by 
the CRGD parameter. This may not be the case for other helicopter types, however. 
